The active metabolite of vitamin A, retinoic acid (RA), is known to be essential for spermatogenesis. Changes to RA levels within the seminiferous epithelium can alter the development of male germ cells, including blocking their differentiation completely. Excess RA has been shown to cause germ cell death in both neonatal and adult animals, yet the cells capable of degrading RA within the testis have yet to be investigated. One previous study alluded to a requirement for one of the RA degrading enzymes, CYP26B1, in Sertoli cells but no data exist to determine whether germ cells possess the ability to degrade RA. To bridge this gap, the roles of CYP26A1 and CYP26B1 within the seminiferous epithelium were investigated by creating single and dual conditional knockouts of these enzymes in either Sertoli or germ cells. Analysis of these knockout models revealed that deletion of both Cyp26a1 and Cyp26b1 in either cell type resulted in increased vacuolization within the seminiferous tubules, delayed spermatid release, and an increase in the number of STRA8-positive spermatogonia, but spermatozoa were still produced and the animals were found to be fertile. However, elimination of CYP26B1 activity within both germ and Sertoli cells resulted in severe male subfertility, with a loss of advanced germ cells from the seminiferous epithelium. These data indicate that CYP26 activity within either Sertoli or germ cells is essential for the normal progression of spermatogenesis and that its loss can result in reduced male fertility.
INTRODUCTION
Murine spermatogenesis is initiated a few days after birth and continues throughout reproductive life in mammalian males. The active metabolite of vitamin A, retinoic acid (RA), is a key regulator of spermatogenesis at multiple steps [1] , and as a result, modulations to RA levels within the seminiferous epithelium can have a profound effect on the progression of male germ cell development. For example, all differentiated germ cells are absent from testes of vitamin A-deficient male mice, leaving seminiferous tubules containing only undifferentiated spermatogonia and Sertoli cells [2] [3] [4] [5] [6] , and excess RA has been shown to increase the number of germ cells undergoing apoptosis [7] . In addition, germ cells of the embryonic testis exposed to exogenous RA prematurely enter meiosis and subsequently undergo germ cell death [8, 9] . Taken together, these results clearly demonstrate the importance of tightly regulating RA levels during spermatogenesis, but very little is known about how this is controlled.
Several recent publications have demonstrated that RA is generated in a pulsatile manner within the seminiferous epithelium, with the highest levels detected during stages VIII and IX of the spermatogenic cycle [10] [11] [12] . However, how these pulses are established and which cell types are responsible for generating this pulse remain to be determined. It is generally accepted that RA is synthesized within cells through a two-step enzymatic oxidation process and then signals in a paracrine fashion, transported between cells by retinoic acid binding proteins [13] . Once inside target cells, RA has 1 of 2 fates: it can be bound by retinoic acid receptors and induce a cellular response, or it can be degraded by one of the cytochrome P450 family 26 (CYP26) enzymes [13, 14] . The CYP26 family consists of 3 isomers: Cyp26a1, Cyp26b1, and Cyp26c1, and our laboratory has shown that all 3 transcripts are present in the postnatal testis [15] . CYP26A1 and CYP26B1 play key roles in degrading RA during embryonic and gonad development [9, 16, 17] , whereas CYP26C1 has been found to be nonessential for development [18] . However, cell-specific roles for these enzymes during postnatal testis development have not been fully investigated.
Recently, Sertoli cell-specific ablation of Cyp26b1 during embryogenesis triggered the exit of male germ cells from quiescence, reinitiation of the cell cycle, and meiotic entry in the embryonic testis [19] . As a result, postnatal male mice carrying the conditionally targeted alleles displayed smaller testes and a phenotype of varied penetrance, with some tubules displaying complete spermatogenesis whereas others were devoid of differentiating germ cells [19] . This heterogeneity suggests that, although CYP26B1 activity in Sertoli cells may be important for normal spermatogenesis, compensation from the other CYP26 family members is likely to exist and warrants investigation. To further examine the role of the CYP26 enzymes within the seminiferous epithelium, we used the CreLox system to conditionally delete either Cyp26a1 or Cyp26b1 or both enzymes within either germ or Sertoli cells to evaluate their roles in postnatal testicular RA degradation.
MATERIALS AND METHODS

Animals and Tissues
All animal experiments were approved by Washington State University Animal Care and Use Committees and were conducted in accordance with the guiding principles for the care and use of research animals of the U.S. National Institutes of Health. The mouse colony was maintained in a temperature-and humidity-controlled environment with food and water provided ad libitum. Germ cell-specific Stra8-iCre (stock number 017490; C57BL/6J/FVB background strain) mice were purchased from Jackson Laboratories. Sertoli cell-specific Amh-Cre mice (CD1 background strain) were generously donated by Dr. Marie-Claude Hofmann from MD Anderson Cancer Center [20] , and the RiboTag reporter line (C57BL/6J background strain) was kindly provided by Dr. Paul Ameiux from The University of Washington in Seattle [21] . Floxed reporter mice have provided information regarding when Cre recombinase is first expressed and in what cell type for both Cre lines used in this study. For the Stra8-iCre line, Cre recombinase is first expressed at 3 days postpartum (dpp) in a subset of the Aal undifferentiated spermatogonia and all A1 differentiating spermatogonia [22, 23] . For the Amh-Cre line, Cre recombinase is first expressed at Embryonic Day 15 and specifically in Sertoli cells [20] . Mice carrying the floxed Cyp26a1 or Cyp26b1 allele were kindly provided by Dr. Martin Petkovich from Queen's University [17, 24] . Cyp26a1 and Cyp26b1 floxed mice (both on the C57BL/6J background strain) were intercrossed to generate dual floxed animals. These mice will herein be referred to as Cyp26a1/ b1 floxed mice. Floxed female mice were bred to Cre-positive male mice to produce cell-specific deletions of either Cyp26a1 or Cyp26b1 or both enzymes via a standard Cre-Lox breeding scheme. Animals were genotyped by using the primer sets described in Supplemental Table S1 (Supplemental Data are available online at www.biolreprod.org), and heterozygous/Cre-positive mice (herein referred to as Cyp26
Flox/þ;Creþ ) were used as control animals and floxed/Cre-positive (herein referred to as Cyp26
Flox/Flox;Creþ ) for all conditional knockout mouse lines produced. PCR detection of the excised allele was performed for all mice, and as expected, excision was never detected in tail samples from Amh-Cre-positive mice but was detected for Stra8-iCre-positive mice, as excision occurs in the germline of the F1 generation of male mice carrying the Stra8-iCre transgene. Prior to tissue collection, the animals were euthanized by CO 2 asphyxiation, followed by decapitation (0-10 dpp), or by cervical dislocation (10 dpp-adult), and their testes were dissected. Animals' and testes' weights were measured for every animal in each age group analyzed. Blood was collected from animals at 60 dpp and older by cardiac puncture immediately following CO 2 asphyxiation and cervical dislocation. Testis samples for morphological and immunohistochemical analyses were fixed in Bouin fixative (VWR International) or in 4% paraformaldehyde (Sigma Aldrich) for between 2 and 8 h, depending on the sample size, and then dehydrated through a graded ethanol series before being embedded in paraffin wax (Leica). Testis sections (4 lm) were placed on Superfrost Plus slides (Menzel-Glaser) for analysis.
Immunohistochemistry
Immunohistochemistry using STRA8 (antibody was produced in-house [12] , ZBTB16 [code sc-22839; Santa Cruz Biotechnology]), or human influenza hemagglutinin (HA)-Tag (product mms-101r; BioLegend) antiserum was performed as described by Hogarth and Griswold [25] . Briefly, testis sections underwent rehydration through a graded ethanol series, beginning with xylene, and were subjected to an antigen retrieval step (;6-min rolling boil in 0.1M sodium citrate) before being immersed in a blocking solution of 5% normal goat serum/0.1% bovine serum albumin/PBS (137 mM NaCl/2.7 mM KCl/10.1 mM Na 2 HPO 4 /1.8 mM KH 2 PO 4 ). STRA8 (1:1000 dilution), ZBTB16 (2 lg/ml final concentration) or HA-Tag (1:1000 dilution) antiserum was then diluted in blocking solution, applied, and incubated overnight at room temperature. Control sections were incubated in blocking solution without primary antibody. Binding of primary antibodies was detected using biotinylated goat anti-rabbit secondary antibody for STRA8 and ZBTB16 (Histostain kit, product 956143B; Invitrogen) or biotinylated horse anti-mouse secondary antibody for the HA-Tag (product BA-2000; Vector Laboratories). Antibody binding was visualized as a brown precipitate following incubation with a 3,3 0 -diaminobenzidine tetrahydrochloride (DAB-Plus kit; Invitrogen). The sections were then dehydrated in a graded ethanol series to xylene and mounted under glass coverslips in DPX mounting medium (VWR International). Germ and somatic cell types were identified on the basis of their nuclear morphology and position within the developing testis [26] . In the postnatal testis, sections from at least three cell-specific, Cyp26a1, Cyp26b1, Cyp26a1/ 
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b1, conditional knockout and control mice were analyzed for STRA8 localization.
Fertility Evaluation
Adult male control or conditional knockout mice (n ! 3 males per group) were caged with wild-type adult females of known fertility at a male-to-female sex ratio of 1:1, respectively. Each following morning, female mice were checked for vaginal plugs to determine if mating had occurred. The number of offspring resulting from each vaginal plug was then recorded to assess male fertility. If a plug was not observed following a week of checking for vaginal plugs, the animals were then left housed together for a minimum of 4 weeks.
Staging Analysis of Synchronized Tissue
A minimum of 200 testis tubules taken from at least 3 different testis crosssections separated by at least 50 lm, from either control or Cyp26a1/b1 cellspecific conditional knockout samples (n ¼ 3) were assigned to the group displaying a particular stage of the seminiferous epithelium based on the criteria described by Russell et al. [26] . The synchrony factor for each sample was determined using the methods described by Siiteri et al. [27] and Van Beek and Meistrich [28] . This value is a numerical representation of the degree of synchrony present within each sample and allows for comparison between control and conditional knockout samples. It is the most accurate way of evaluating spermatogenic synchrony as the calculation takes into account the duration of the different stages of the seminiferous epithelium.
STRA8-Positive Spermatogonia and Degraded Tubule Counts
For evaluation of the number of STRA8-positive cells per stage II to VI testis tubule cross-section, samples were immunostained using the STRA8 antibody as described above. STRA8-positive spermatogonia, identified based on nuclear morphology, were counted in at least 35 stage II to VI testis tubules taken from at least 3 different testis cross-sections separated by at least 50 lm, from either control or Cyp26a1/b1 cell-specific conditional knockout samples. A Student t-test (Excel; Microsoft) was used to determine whether statistical differences in the numbers of STRA8-postive spermatogonia in stages II to VI existed between control and conditional knockout testes. For quantification of the percentage of degrading tubules within the Cyp26b1/dual Cre and the Cyp26a1b1/Cre lines, a total of at least 200 circular testis tubules across at least 2 cross-sections and separated by at least 50 lm were examined, and the total number of tubules containing either vacuoles or lacking advanced germ cells was calculated and converted to a percentage.
Statistical Analyses
All statistical analyses were performed using a Student t-test (Excel; Microsoft).
RESULTS
Eliminating CYP26A1 Activity Within Germ or Sertoli Cells or Both Has No Effect on Spermatogenesis
To determine whether CYP26A1 was important for RA degradation within the seminiferous epithelium, a conditional knockout strategy was used to mutate the Cyp26a1 allele specifically in either Sertoli cells by using the Amh-Cre mouse or differentiating germ cells by using the Stra8-iCre mouse, or both cell types. Testes for morphological analysis were collected at 15 and 90 dpp to examine the progression of both juvenile and adult spermatogenesis (Fig. 1) . No differences in testis:body weight ratio was observed when Cyp26a1
Flox/þ;Creþ mice and Cyp26a1
Flox/Flox;Creþ mice were compared for either of the three mouse lines generated (Supplemental Fig. S1 ). In addition, deletion of CYP26A1 activity within both the germ and the Sertoli cells had no significant effect on male fertility (Supplemental Table S2 ), histological analysis revealed phenotypically normal spermatogenesis throughout all testicular cross-sections visualized, and mature sperm were present within the epididymis (Fig. 1) . BOTH GERM AND SERTOLI CELLS REQUIRE CYP26 ENZYME ACTIVITY 
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Only Sertoli Cells Are Mildly Susceptible to a Loss of CYP26B1 Activity
To further investigate the role CYP26B1 within germ or Sertoli cells, the same single Cre lines described for CYP26A1 were used to eliminate the activity of this enzyme specifically within these cell types. Morphological analysis of the germ cell-specific deletion of Cyp26b1 revealed normal spermatogenesis (Fig. 2) . As observed in a previous study [19] , conditional mutation of Cyp26b1 only within Sertoli cells resulted in a variable phenotype, with most seminiferous tubules completely normal but some tubules devoid of differentiating germ cells (Fig. 2) ; however, no differences were observed in the testis:body weight ratio (Supplemental Fig. S2A ). Interestingly, there was a degree of phenotype recovery between the juvenile and adult testis, as more disturbed tubules appeared to be present at 15 dpp (Fig. 2C ) than at 90 dpp (Fig. 2F ). Because this phenotype was less severe than previously reported [19] , we examined the excision efficiency of the Amh-Cre, using the RiboTag reporter mouse line [21] . Of the seven reporter mice examined, all displayed !95% excision efficiency (Supplemental Fig. S2B ).
Mild Spermatogenetic Defects but no Loss of Fertility Detected in Mice Lacking Both CYP26A1 and CYP26B1 Activity in Either Germ or Sertoli Cells
To determine whether compensation between CYP26 isoforms was occurring inside the seminiferous epithelium, we mutated both Cyp26a1 and Cyp26b1 simultaneously within either germ or Sertoli cells and designated these mice Cyp26a1/ b1 conditional knockouts (Fig. 3 ). Testes were collected at different ages during development (15, 30 , and 90 dpp are shown), and the relative testis:body weight ratio was calculated for Cyp26a1/b1
Flox/þ;Creþ controls and Cyp26a1/b1
Flox/Flox;Creþ experimental animals (Supplemental Fig. S3 ). No significant differences were observed between the testis:body weight ratios of Amh-Cre (P ¼ 0.10) and those of Stra8-iCre (P ¼ 0.39) conditional knockouts compared to control mice at 90 dpp (Fig.  3J ). For the Stra8-iCre line, histological examination revealed that testes isolated from Cyp26a1/b1 Flox/þ;Creþ controls and Cyp26a1/b1
Flox/Flox;Creþ experimental animals were morphologically indistinguishable at 15 dpp (Fig. 3, A and B) . Conversely, vacuoles began to form within the seminiferous epithelium of testes collected from 30-and 90-dpp Cyp26a1/b1
Flox/Flox;Stra8-iCreþ mice (Fig. 3 , E and H), whereas no vacuoles were observed in Cyp26a1/b1
Flox/þ;Stra8-iCreþ control testes at these same ages (Fig. 3, D and G) . Morphological examination of mice from the Cyp26a1/b1/ Amh-Cre line again revealed tubule-to-tubule variations with regard to phenotype. From 15 through 90 dpp, approximately 30% of seminiferous tubules lacked advanced germ cells and/or contained vacuoles, whereas other tubules appeared normal (Fig.  3, C, F, and I) . In addition to the loss of some advanced germ cells, altered spermatid alignments were detected in some tubules at stages VIII and IX of the seminiferous epithelium in both the Cyp26a1/b1
Flox/Flox;Creþ mouse lines (Fig. 4) . The heads of the elongating spermatids usually align at the very luminal side of the seminiferous epithelium during stages VI and VII and are released into the tubule at stage VIII of the cycle. However, in both the Cyp26a1/b1
Flox/Flox;Stra8-iCreþ ( Fig. 4B ) and Cyp26a1/b1
Flox/Flox;Amh-Creþ mice (Fig. 4C) , some stage VIII and IX tubules contained spermatozoa and/or elongated spermatids embedded closer to the basement membrane. No such spermatid alignment errors were ever observed in the Cyp26a1/b1
Flox/þ;Creþ control samples. However, normal numbers of pups were seen following breeding of 90-or 180-dpp Cyp26a1/b1
Flox/Flox;Stra8-iCreþ or Cyp26a1/b1
Flox/Flox;Amh-Creþ male mice to females of known fertility (Supplemental Table  S3 ), indicative of no decrease in fertility over time.
Asynchronous Spermatogenesis Occurs in Male Mice Lacking CYP26 Activity Within Sertoli and Germ Cell Mutants
As exogenous RA has been shown to induce synchronous spermatogenesis under certain conditions [29, 30] , we performed a spermatogenic synchrony analysis using testes from our Cyp26a1/b1 conditional mutant mice to determine whether inhibition of RA degradation altered the spermatogenic cycle. Testes from 90-dpp Cyp26a1/b1
Flox/Flox;Creþ knockout mice were immunostained with STRA8, the testis tubules were staged according to Russell et al. [26] , and a synchrony factor was calculated [27, 28] , allowing for quantitative comparison of spermatogenic synchrony between samples. Neither germ cellnor Sertoli cell-specific elimination of CYP26A1 and CYP26B1 activity resulted in a change in spermatogenic cycle BOTH GERM AND SERTOLI CELLS REQUIRE CYP26 ENZYME ACTIVITY as no differences in synchrony factor were present within testes isolated from Cyp26a1/b1
Flox/þ;Creþ control and Cyp26a1/b1
Flox/Flox;Creþ knockout animals (Fig. 3K) .
Deletion of Both CYP26A1 and CYP26B1 Activity in Germ or Sertoli Cells Results in Premature Expression of STRA8 Within Spermatogonia
To more closely examine whether the deletion of CYP26A1 and CYP26B1 activity in either germ or Sertoli cells affected the spermatogonial population, STRA8-positive spermatogonia were counted in stages II to VI of the cycle in testes isolated from Cyp26a1/b1
Flox/Flox;Creþ knockout animals (Fig. 5 , A-C, representative images are shown). Stages II to VI were selected for analysis as these stages have previously been shown to be sensitive to exogenous RA treatment [12] . In both of the Cyp26a1/b1 Flox/Flox;Creþ knockout models, there was a significant increase in the number of STRA8-positive spermatogonia present within stages II to VI compared to control testes (P , 0.05 for the Stra8-iCre line, P , 0.01 for the Amh-Cre line) (Fig. 5G) . Additionally, there were no differences observed in the numbers of ZBTB16-positive cells when CYP26A1 and CYP26B1 activity was deleted in either germ or Sertoli cells (Fig. 5, D-F) .
Deletion of Cyp26b1 Within Germ and Sertoli Cells Alters Male Germ Cell Development and Results in Subfertility
The role of CYP26B1 in both the germ and Sertoli cells was explored by breeding Cyp26b1 floxed mice with dual Stra8-and Amh-Cre mice to generate offspring lacking CYP26B1 activity simultaneously in germ and Sertoli cells (Fig. 6) , herein referred to as Cyp26b1
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sections of testes isolated from the Cyp26bl Flox/Flox;dualCre mice, although animal-to-animal phenotypic variations were also observed. There was a significant decrease in testis:body weight ratio (P , 0.05) at both 15 and 90 dpp (Fig. 6J) . At 15 dpp, an average of 96% of the tubules either lacked advanced germ cells completely or displayed vacuolization (Fig. 6C ) in testes isolated from 2 of the 3 mice collected at this time point. Testis from the third mouse displayed a less severe phenotype, although 8% of tubules still displayed vacuolization (Fig. 6B) .
Normal spermatogenic progression was observed within testes isolated from 15-dpp Cyp26b1
Flox/þ;dualCre control animals (Fig.  6A) . Morphological analysis of testes from 30-and 90-dpp Cyp26bl
Flox/Flox;dualCre mice revealed animal-to-animal and tubule-to-tubule phenotypic variations that were similar to those present at 15 dpp (Fig. 6, E, F, H, and I ) and also some recovery of spermatogenesis. Staging analysis of 2 of the 4 mice examined revealed that all stages of the cycle of the seminiferous epithelium were present in these testes and BOTH GERM AND SERTOLI CELLS REQUIRE CYP26 ENZYME ACTIVITY displayed the normal complement of germ cell types in 91% of the tubules (Fig. 6H) . The remaining tubule cross-sections exhibited vacuolization and missing layers of germ cells. Even with the presence of morphological normal testis tubule crosssections, fertility tests of these 2 animals revealed a severe subfertile phenotype with only 1 pup born following mating to female mice of known normal fertility (Table 1) . Only 13% of testis tubules from the other two animals displayed normal spermatogenesis. Instead, most tubules exhibited vacuolization and missing layers of germ cells (Fig. 6I ). In agreement with morphological analysis, no pups were ever produced from 4 observed vaginal plugs following breeding of these 2 males with fertile female mice ( Table 1) . Staining for the general germ cell marker GCNA revealed that there were some tubules devoid of all germ cells at both 15 and 90 dpp in all of the conditional mutant male mice analyzed (Fig. 6, K and L) . A loss of advanced germ cells or vacuolization was only seen within 0.2% of testis tubule cross-sections of Cyp26bl
Flox/þ;dualCre control 90-dpp mice, and these male mice produced normal numbers of pups when bred to females of proven fertility (Table 1) .
DISCUSSION
This study represents the first in-depth analysis of the role of the CYP26 enzymes within the seminiferous epithelium. Cellspecific deletion of CYP26A1 and CYP26B1 activity was used to determine whether these enzymes are required for degrading RA in either Sertoli or germ cells or both during spermatogenesis, and a summary of the different conditional mutant lines produced and their observed phenotype is presented in Table 2 . Although no decreases in male fertility were seen, a range, in both type and severity, of spermatogenic defects were observed in animals lacking both enzymes in either germ or Sertoli cells. However, male mice lacking CYP26B1 activity simultaneously in both germ and Sertoli cells were significantly subfertile, with severe degradation of the seminiferous epithelium observed in all testes examined. Taken together, these data indicate that spermatogenic defects occur following a loss of CYP26 activity within the seminiferous epithelium and, in the case of CYP26B1, so does a decrease in male fertility.
It is clear that tightly regulated levels of RA are essential for the normal progression of spermatogenesis. Studies of male rodents lacking RA, induced either genetically, chemically, or through diet, indicate that this molecule is absolutely essential for spermatogonial differentiation and is important for meiotic initiation and proper alignment and release of spermatids from the seminiferous epithelium [5, [31] [32] [33] [34] [35] . However, significantly less investigation into the effects of excess RA on the testis has taken place. Treatment of neonatal mice with exogenous RA has been shown to induce synchronous spermatogenesis following recovery to adulthood, but this occurs only if treatment takes place before meiotic germ cells first appear within the testis (i.e., 8 dpp) [29, 30] . RA injections administered to adult male mice for 3 consecutive days resulted in missing layers of germ cells after recovery, an effect possibly originating from the loss of spermatogonia immediately following treatment [29] , and a single RA injection induced spermatogonia to prematurely express STRA8 protein [12] . These studies have implied that there are immediate effects on spermatogenesis following transient exposure of the testis to high levels of RA but provided no information regarding whether spermatogenesis could withstand a sustained increase in RA levels. Data presented here suggest that the severity of the effect is dependent on the cell-and enzymespecific mutation being analyzed. Although elimination of both CYP26A1 and CYP26B1 activity within either germ or Sertoli cells resulted in minor spermatogenic defects, including vacuolization (likely due to either loss of advanced germ cells and/or improper Sertoli cell function), misalignment and delayed release of spermatids, and premature induction of STRA8 protein, no loss of male fertility was observed. However, mutation of just Cyp26b1 simultaneously within germ and Sertoli cells resulted in a loss of advanced germ cells and significantly disrupted male fertility. Taken together, these data imply that normal male germ cell development does not occur in an environment where RA levels may be constantly elevated.
Interestingly, and in contrast to the single RA injections of neonatal mice [29] , no spermatogenic synchrony was observed in any of the mutant lines generated in this study, even though CYP26 activity was disrupted during neonatal testis development in all conditional knockouts examined. This difference is likely due to RA injections resulting in an immediate and extremely high increase in testicular RA concentrations, possibly disturbing the balance of RA synthesis and degradation usually in place, simultaneously exposing spermatogonia to RA and inducing synchronous differentiation. In contrast, as endogenous RA is only available in a regionalized manner [12] , enzyme inhibition may only induce mild and very localized increases in RA levels not significant enough to overcome the threshold levels required to generate the germ cell RA response simultaneously throughout the entire testis required to induce synchronization. This study has highlighted the importance of CYP26B1 activity to the normal progression of spermatogenesis. Spermatogenic defects were only seen within lines carrying a mutation in Cyp26b1. Multiple laboratories have provided evidence to demonstrate that CYP26B1 is critical for fetal testis development [9, 19, 24, 36] , but the analyses presented here, combined with the data of Li et al. [19] , indicate that this enzyme is also essential for normal spermatogenesis following birth. Severe disruptions to the first wave of spermatogenesis were apparent in the testes of 15-dpp Cyp26b1
Flox/Flox;dualCre male mice, yet there was some degree of recovery when the testes of adult mice were examined (Fig. 6 ) and within the Cyp26b1/Amh-Cre conditional mutants (Fig. 2) . This is not the first indication of spermatogenic recovery following alterations of retinoid levels within the juvenile testis; a similar outcome is seen following inhibition of the conversion of vitamin A to RA within both germ and Sertoli cells [37] . These observations imply that within the postnatal testis, there are mechanisms in place to protect the germ cells from changing retinoid levels resulting from genetic mutations, which allow for normal spermatogenesis to proceed once the testis adjusts to these changes. Delayed functional compensation between the CYP26 isoforms could account for the observed recovery. In addition, the relative amounts of the different retinoid synthesis and binding proteins, as these ratios have been shown to impact whether retinoids are used for signaling or are metabolized within cells [13] , are possible hypotheses but further investigation into why recovery is being observed is required.
Animal-to-animal and tubule-to-tubule phenotypic variations were present for all of the different conditional mutants examined in this study. This is consistent with the tubule heterogeneity also observed in the testes of the Sertoli-cell specific Cyp26b1 mutant mice [19] . The most likely explanation for these observations is incomplete functional compensation between the different CYP26 isoforms. All three CYP26 isoforms are expressed in the testis [15, 38] and the loss of CYP26C1 activity has been shown to exacerbate anteriorposterior patterning issues seen within neural crest cells lacking Cyp26a1 [18] . This, combined with slight variations in Cre recombinase expression and perhaps differences in expression and modulation of endogenous enzyme activity, could lead to the phenotypic variability observed in this study.
This study represents the first complete histological analysis of testes with reduced CYP26 activity within the seminiferous epithelium and has revealed CYP26B1 as the critical isoform required for RA degradation within the testis. Data support the hypothesis that proper degradation of RA is necessary within both germ and Sertoli cells throughout spermatogenesis and mutations in CYP26B1 could lead to a loss of male fertility. Future studies including an additional loss of CYP26C1 from germ and Sertoli cells and loss of CYP26 activity from other cell types within the testis are now required to generate a more complete picture of how RA levels are regulated within the testis.
